Introduction
The acoustic insulation provided by separating walls has been studied for many years, with the first publications dating from the early part of the 20th century [1] . Since then, different analytical and numerical models, for predicting the sound transmission via single and multi-panel walls, have been proposed. However, given the large number of variables of this problem and the uncertainties involved, laboratory tests have been devised to measure the insulation provided by separating elements. Among the various experimental testing methods, the most commonly used technique is the so-called two-room method [2] [3] [4] [5] .
It has been shown that, at low frequencies, the sound reduction index is highly dependent upon parameters such as the size of the testing chambers, sound source location and rooms' surface absorption conditions [6] [7] [8] [9] , making it difficult to extrapolate test results to real-world situations. Indeed, the sound insulation provided by a wall is highly dependent on the vibration modes excited in the rooms, and on the vibration of the separating wall.
The present work assesses the influence of the parallelism between the boundaries of the acoustic spaces and the importance of the rooms' surface conditions on the characterization of the sound insulation offered by a wall separating two contiguous two-dimensional rooms. It makes use of a boundary element method (BEM) model, formulated in the frequency domain, previously developed by the authors [10] , which takes into account the interaction, between the air and the solid walls. The acoustic insulation provided by walls of infinite extent is used as a reference (''half-space room''). These solutions are obtained analytically, taking also the full coupling between the air and the solid into account [11] .
The formulation of the BEM method and the derivation of the analytical solution are not presented here, since they have been already given by the authors [10, 11] . A survey of the state of the art more relevant to the present work can also be found in Santos et al. [10] . The remainder of this paper presents only a selection of simulations, for different rooms' cross-sections and materials to illustrate the main findings.
Applications
The model used consists of two adjacent two-dimensional acoustic spaces separated by a vertical single wall, 0.20 m thick (two-room model). Fig. 1 displays the geometry of the model, which assumes that the ceiling of the acoustic spaces is horizontal while the back walls and floor may be inclined y degrees, in relation to the vertical (Y ) and horizontal (X ) directions, respectively. Simulations for y ¼ 01; 51, and 151 are presented next.
The lining of the acoustic spaces is assumed to be thick and to have material properties similar to those of the surrounding elastic medium. The internal material loss is considered using a complex Young's modulus and complex Lam! e constants. The Young's modulus is computed as E ¼ E r ð1 þ iZÞ; where E r corresponds to the classic modulus and Z is the loss factor. The complex Lam! e constants are written in the same form as the Young's modulus.
To assess the importance of the rooms' surface conditions, the mechanical material properties [12] of the concrete, ceramic and cork have been ascribed to the surrounding elastic medium as listed in Table 1 .
The different models were subjected to the incidence of a cylindrical linear wave source, positioned in the source room as illustrated in Fig. 1 . The calculations were performed for a frequency range from 1.0 to 600 Hz, with a frequency increment of 1.0 Hz. The acoustic pressure wave field was computed along a grid of receivers placed in the two rooms, equally spaced, 0.25 m apart, along the vertical and horizontal directions, as illustrated in Fig. 1 .
The use of the BEM model allows the discretization to be limited to the boundaries of the acoustic spaces. These boundaries are modelled with a number of boundary elements that increases with the frequency of excitation of the dynamic source. The length of the elements is defined by the acoustic wavelength divided by 10. Given the small distance between the two faces of the separating wall, the length of boundary elements modelling the wall follows the above relation, but must also be at least 8 times less than its thickness. Figs. 2-4 present the average sound insulation provided by the separating wall, computed as the difference between the average sound pressure level registered inside the source and the receiver room, for the three different materials. The analytical solution for a wall of infinite extent is also included in these figures. In this model (''the half-space room'') only the separating wall is retained while the floor, ceiling and back walls are removed.
The average sound insulation results obtained when the surrounding material is concrete and y ¼ 01; exhibit pronounced dips (Fig. 2a) , as the result of the creation of stationary waves within the rooms and the vibration of the wall in the vicinity of its natural modes of vibration (the first mode is labelled F 1 in Figs. 2-4) . When y ¼ 01; the stationary waves are created at frequencies given by
where q and r are integers (0, 1, 2,y) (see Fig. 2a ). The analytical insulation prediction does not take into account the existence of these dips. However, it intercepts the results provided by the two-room model, except at very low frequencies. There, the acoustic insulation obtained by the two-room model is higher than that predicted by the analytical model.
The analytical solution exhibits a smooth dip of insulation, around 100 Hz, related to the dominant ''coincidence effect''. Analysis of the results allows verification that the two-room BEM solution tries to follow this trend. Fig. 2b and c give the sound insulation evaluated when y ¼ 51 and 151, respectively. The number of insulation dips presented in the two-rooms solution increases, but their amplitude decreases slightly. As expected, the position of the insulation dip associated with the natural vibration of the separating wall does not appear to change as one moves from y ¼ 01 to 51, and then to y ¼ 151: Notice that the ''half-space room'' results are not affected by y and they are thus identical in the three panels of each figure. Fig. 3 presents the average sound insulation provided when the ceramic properties are used in the model. Analyses of the results allow verification that the dips of the insulation are smoother than before (concrete model), particularly for higher frequencies of excitation. The dips associated with the creation of the stationary wave field inside the rooms and with the vibration of the separating wall are still present. The agreement between the analytical and the two-room model increases, particularly as the frequency and the angle y increase. As before, the two-room model does not show a clear dip in the sound insulation associated with the coincidence effect, which agrees with the smooth variation of the analytical solution in the vicinity of the critical frequency. Fig. 4 plots the acoustic insulation results obtained when the ceramic material is replaced by cork. The insulation curves are much smoother than before (the concrete and ceramic models). The agreement between the analytical and the two-room model solutions further improves, even for the lowest frequencies. The presence of dips associated with the creation of a stationary wave field within the two rooms loses importance particularly as the frequency increases. This can be explained by the fact that the amount of acoustic energy being transmitted to the rooms' boundaries increases the attenuation of the formation of stationary wave field inside the rooms.
Final remarks
The boundary elements method was applied to assess the influence of the parallelism between the surfaces of two-dimensional acoustic spaces (two-room model), on the sound insulation provided by a single vertical wall, when subjected to a line pressure source. The results obtained were compared with those provided by a wall of infinite extent (''the half-space room'') model, which was solved analytically. Both models take into account the fluid-solid interaction.
Different simulations have been performed for different solid materials to assess the importance of the rooms' surface conditions. The ceiling of the acoustic spaces was kept horizontal while the back walls and floor were inclined an angle y (y ¼ 01; 51 and 151), in relation to the vertical and horizontal directions, respectively.
The results obtained with the two-room model show that the sound insulation provided by a vertical single wall is highly dependent on the creation of stationary pressure field inside the rooms and on vibration of the separating wall, leading to the existence of pronounced dips of insulation. The break of the parallelism between rooms' surfaces increases the number of dips but only attenuates slightly their amplitude when the solid material is rigid and the frequency of excitation is low. As the frequency increases and as the solid material becomes softer, the attenuation of these dips of insulation appears more visible. This behaviour can be explained by the fact that as the surrounding boundaries become softer more energy is transmitted to the elastic medium, which leads to the weakness of the stationary wave field inside the rooms. As expected, the dips of insulation associated with the natural vibration of the separating wall are the ones less affected by the geometry of the rooms.
The largest differences between the results provided by an infinite extent wall (analytical model) and those obtained when the boundaries of the rooms are modelled, are obtained when the cross-sections of the two contiguous acoustic spaces are perfectly rectangular and the spaces are built with a rigid material.
At very low frequencies, the predicted insulation given by the analytical model is lower than that computed by the model, that simulates the boundaries of the rooms. As the frequency increases, the elastic material becomes softer, and the two-room model further loses its parallelism, the differences between the two models decrease.
